Impedance spectroscopy has the potential for label-free integrated electrochemical detection in microfluidic lab-on-a-chip applications. Its capability to identify and discern between surface and bulk processes in solid-liquid systems finds particular use for the detection of biorecognition events or conductivity measurements. The electrochemical transducer can be in the form of interdigitated electrode structures to increase sensitivity. Experimental work was performed to characterize two different transducer designs. Applications included the monitoring of protein films on contact-less interdigitated electrode structures and conductivity detection of droplets on insulated two-electrode structures. The use of electrode passivation eliminated electrode degradation. Experimental results were compared to theoretical analytical models, and were found to closely correlate with one another.
Introduction
Impedance spectroscopy (IS) is a non-destructive electroanalytical method, that has been used for corrosion studies, coatings evaluation, batteries, fuel cells, and material characterization [1, 2, 3] . IS can characterize the kinetics of bound and free charges in electrochemical cells, as well as desorption and adsorption activities at surfaces in solid-liquid systems. In recent decades IS has grown as a tool in analytical bioelectrochemistry [4, 5, 6, 7, 8] .
The application of IS in analytical bioelelectrochemistry is mostly concerned with label-free biorecognition processes at electrode surfaces, such that the impedimetric response of the fluid-electrode system is altered by immobilized macromolecules [4, 6, 9, 10, 11, 12] . Yet other applications also include the detection of changes in the bulk fluid [6, 13] . Biorecognition processes are usually differentiated into the detection of affinity binding events, the analysis of enzyme-modified electrodes, and cell and microorganism recognition.
The development of lab-on-a-chip devices and the associated need to downscale instrumentation for onchip analyte detection and manipulation has driven innovation of miniaturized transducers. Electrochemical transducers have been considered promising for miniaturization and microsystem-level analysis, due to their compatibility with common microfabrication technologies, without a reduction in sensitivity. This observation stands in contrast to optical methods, that suffer from bulky external instruments [14] and loss of sensitivity with decreasing volumes [15] . In addition, electrochemical transducers can be combined with inexpensive instrumentation, and feature low power consumption, low detection limits, and adjustable selectivity [16, 17, 18] .
A number of research groups have accomplished to combine impedance-based electrochemical detection methods with microfluidic systems [19, 20, 21] , such as microchannels with integrated gold electrodes for impedance measurements in air, deionized water, and saline solutions [22] , the use of two sensing electrodes to determine the impedimetric frequency response of different fluids in a digital microfluidic (DMF) device [19] , a microfluidic chip for impedance sensing of cancer cell migration [20] , an integrated impedance-based sensor for on-chip monitoring of cell growth in a DMF device [21] , or insulated carbon microelectrodes for the monitoring of binding events between BSA and anti-BSA antibodies in microchannels [23] .
Interdigitated electrode structures distribute the detection of localized changes to a larger sensing surface [4, 24, 25] . The integration of interdigitated electrode structures into microfluidic systems has seen developments toward impedimetric sensing of protein affinity binding behavior [26] , dielectric spectroscopy with contact-less microsensors to detect viruses [27] or perform quantitative cell analysis [14] , the detection of hormone active chemicals by amperometric monitoring of anodic current and redox cycling between electrode fingers [28] , detection of infectious parasites in water and determining their concentration by electrochemical impedance spectroscopy [13] , and impedimetric detection of bacterial cells using antimicrobial peptides immobilized onto a microsensor array [12] , to list only a few examples. Interdigitated electrode structures are not restricted to the detection of surface effects, but can also be used for bulk conductivity measurements.
Theoretical and experimental work on optimizing the structure for conductivity detection has for example been addressed in [29, 30, 31, 32] . Applications of conductivity detection included the use of potentiostats and microsensors for pH and conductivity measurements in a serpentine channel interface [33] , and microfluidic devices with dual capacitively coupled contactless conductivity detection by impedance spectroscopy [34] .
When immersed in a liquid containing an electroactive target of interest, the metallic electrodes can either be in direct contact with the liquid, or insulated, i.e. contact-less. The use of contact-less electrodes eliminates faradaic processes, which could be desired in the presence of an electrode-coupled redox probe, but can also be unfavorable. Exposed electrodes can suffer from measurement interferences, due to electrode polarization, electrode fouling, and electrolysis [14] . A dielectric insulator can prevent these undesired reactions. On the downside, it has ramifications on the sensor sensitivity. The design of the transducer shifts towards high performing passivation layers that are as thin as possible, have a high electric permittivity, and in the case of affinity binding have the appropriate molecular structure to immobilize biological probes. In this regard, advanced passivation geometries were evaluated by [35] , based on three-dimensional numerical simulations to increase sensitivity of interdigitated capacitors and resulted in electric flux density guides and barriers.
While numerical models can provide an accurate representation of the physical, chemical, and electrodynamic characteristics of an electrochemical cell, they impose high computational costs on the design and optimization process. Therefore, inexpensive analytical solutions that can estimate the impedimetric coupling between the electrode fingers, and are subject to simplifying assumptions about the structure of the cell, present as useful surrogates for numerical simulations under certain conditions. Such models have been discussed in [36, 37, 38] .
Presented here are experimental results with simple contact-less interdigitated electrode structures and impedance spectroscopy to study conformation changes in the sensitive region above the electrode fingers due to the presence of a hydrated protein film. The results are compared to values from an analytical model for interdigitated electrode structures. This work also presents a two-electrode contact-less structure for conductivity sensing and discusses an approach for the optimization of conductivity cells based on the same analytical model. It was found that the analytical models correlated well with the experimental data and are therefore helpful tools in the first-order estimation of the impedance of interdigitated electrode structures and conductivity cells.
Test device fabrication
Test devices were fabricated in the facilities of the University of Toronto Nanofabrication Centre (TNFC). 
Experimental apparatus
Images were recorded with an Optronics Macrofire monochrome camera (Muskogee, Oklahoma, USA)
installed on a Zeiss SteREO Discovery.V12 microscope (Jena, Germany). Impedance measurements were acquired with an Agilent Technologies E5061B ENA Series Network Analyzer (Santa Clara, California, USA) with an impedance analysis option. The network analyzer was configured in the Port 1-2 Series mode, configuring the two S-parameter terminals (port 1 and 2) of the analyzer to be used for impedance measurements with a frequency sweep from 5 Hz to 300 MHz. Before each measurement series the analyzer was calibrated using a non-inductive high precision through-hole 50 Ω resistor, and was connected to the test devices via BNC cables and alligator connectors.
The electrochemical cell can be considered as a system that takes an input signal and transfers it into an output signal [39] . Most if not all systems are nonlinear. It is however possible to use a linear approximation for most systems, especially if the input signal amplitude is small. The input to output dependence of a nonlinear, time invariant system around some operation point x 0 can be expressed in terms of a Taylor series expansion [40] y
Considering an input signal of the form x(t) = x 0 + ∆x, where the variation amplitude of the signal ∆x is small, it is acceptable to ignore any higher order terms (quadratic and higher) and assume that the system therefore is quasi-linear.
Hence, for small signal amplitudes on the order of 10 mV, an electrochemical cell can be assumed to behave linearly. The advantage of such a linear system is that process characteristics such as diffusion rates can be more accurately determined. The problem with low amplitude signals is that background noise and parasitic contributions outside of the electrochemical cell can detrimentally interfere with the signal. Since the network analyzer is somewhat constrained in its function as an impedance analyzer, the measurement signal was adjusted to 707 mV. It should however be noted that this can affect linearity and results need to be more cautiously analyzed. Since the measurements were gathered solely on the grounds of detecting changes in the impedance spectra and were not further processed to determine specific reaction characteristics, error estimates due to potential non-linearities are not included here. 
Design of interdigitated electrode structures
For the materials and fabrication constraints used, it was shown in previous work [38] that an interdigitated electrode structure with 24 fingers is expected to perform best with regard to sensitive detection of surface
effects. An example of a 24-electrode interdigitated electrode structure is sketched in Figure 1 µl volume were manually dispensed on the sensor electrodes. Before a new droplet could be dispensed, the droplets were removed with a syringe. Because of the hydrophobic coating on the transducer and the capillary pull force of the syringe tip, the fluid could be removed without wiping the sensor surface, avoiding any damage to the transducers.
Results and discussion
The performance of different transducer designs for the detection of surface effects and bulk properties was evaluated two ways:
1. Studying the impedance change due to a hydrated protein film evaporated onto a 24-finger interdigitated electrode structure;
2. Analyzing the frequency response for various bulk conductivities of water-based solutions on a twoelectrode structure In both cases the experimental results were compared to analytical model predictions with the material properties listed in Table 1 .
Hydrated protein film detection
An important feature of interdigitated electrode structures is the sensitive detection of processes occurring at the transducer-analyte interface, such as adsorption of biological probes on the transducer surface. Ultimately, this translates into changes in the physico-chemical states and conformation of the electrochemical cell.
To test the frequency response changes of a 24-finger interdigitated electrode structure as a result of the growth of protein films on the transducer surface, the impedance was initially measured in an open environment exposed to air. This reference measurement served for comparison in the proceeding protein deposition test, in which a protein film was created by droplet drying. A 5 µl droplet of the BSA stock solution (1% (w/v)) was dispensed on the transducer surface. While the water content of the droplet was evaporating, the impedance was measured approximately every two minutes. The last measurement data was recorded after a stable residual film of hydrated BSA remained. The goal was to observe a change in the impedance spectrum between the first and last measurement, namely with and without the BSA film, Protein film test Table 2 Air t → ∞ 1.0 -- Table 3 * The surface resistivity of Parylene C is 1.0 × 10
Conductivity test
14 Ω [42] . Given that the thickness of the insulator film is 1 µm, the equivalent conductivity becomes σ = 1.0 × 10
** Teflon AF1601 is a lower molecular weight version of AF1600 with identical composition, but more soluble [44] .
Its properties were assumed to be similar to those of Teflon ® AF1600.
mimicking the growth and adsorption of biological targets on the transducer surface. [38] . The transducer structure consists of stratified layers as shown in Figure 3 . On top of the insulated interdigitated electrode structure exists a thin homogeneous layer with a uniform thickness of hydrated BSA. The relative permittivity and conductivity of the BSA film both depend on the level of hydration. In addition, the relative permittivity is also a function of the applied frequency, yet becomes roughly constant for frequencies higher than 1 kHz [45] . Table 2 compiles the relative permittivity and conductivity of hydrated BSA at different hydration levels. The exact hydration level of the BSA film was unknown, but was assumed to be below 20%. Since the goal was to obtain a first-order estimate of the expected impedance, two scenarios are considered, each with its own simplifying assumptions about the hydration level and thickness of the BSA film:
1. The film thickness is fixed at 1 µm and the impedance is determined for the hydration levels and corresponding electrical properties given in Table 2; 2. The second case assumes 10% hydration and five different film thicknesses (10 nm, 100 nm, 1 µm, 10 µm, and 100 µm). with a thin film of BSA based on the analytical model discussed in [38] . The model assumes the simplified structure shown in Figure 3 to derive the impedance of the electrochemical cell. In (a) the BSA film thickness is assumed to be 1 µm. In (b) the hydration level is fixed at 10 %.
estimated to be roughly 1 µm.
Conductivity measurements
A top view of the test device is shown in Figure 5 . Water-based droplets with different concentrations of KCl, and volumes of approximately 5µl were manually dispensed on the transducer surface. The graphs in Figure   6 present the frequency response for various electrolyte concentrations averaged over four measurements for each concentration. The solid black lines show the average value of the four measurements. The grey shaded areas indicate the spread between the minimum and maximum values measured. The impedance spectrum is distorted at both the low-frequency (high impedance) and high-frequency (low impedance) bands. This was Figure   7 shows the geometry of the conductivity cell, consisting of an insulating Parylene C layer, a hydrophobic Teflon ® fluoropolymer layer, the electric double layer, and the bulk electrolyte solution. The thickness of the electric double layer x dl depends on the radius of hydrated ions and the applied potential. It can be approximated by [46] x dl = 1.5 κ
where κ −1 is the Debye length (see Appendix A), which depends on the concentration of the electrolyte.
For non-conducting surfaces without redox reactions, charge transfer between the electrodes and the fluid is not present. Therefore, the solid-liquid interface is only characterized by the charge distribution within the electric double layer. It is modeled as a purely dielectric layer with a permittivity equal to that of the bulk electrolyte solution.
The conductive bulk solution can be described by the complex, frequency-dependent, relative permittivity,
where ε r and σ are the relative permittivity and conductivity of the material, respectively. When using the analytical model [38] , the relative permittivity is replaced by the complex relative permittivity, and the assumed boundary conditions specified at the layer interfaces need to comply with both the permittivity and conductivity gradients. The modeled amplitude is slightly offset from the measured amplitude, which could be due to threedimensional fringing field effects on the ends of the electrodes, which are not captured by the model. Typically these three-dimensional effects are negligible for very long electrode fingers, whereas here the electrode width and length is approximately of the same order of magnitude.
A noticeable feature in the measured frequency response is the particularly pronounced low-frequency plateau for a KCl concentration of 1.0 M. The concentration of ions at the electrolyte-surface interface is larger than in the bulk solution. The ensuing concentration gradient can cause diffusion of ions overshadowing the voltage-driven ionic current. With lumped-parameter modeling, these low-frequency diffusion effects are typically modeled by the Warburg impedance [2] . The observation that this behavior is distinctly prevalent for 1.0 M KCl electrolyte solutions, yields that high electrolyte concentrations presumably cause stronger ion concentration gradients at the liquid solid interface, measurable as more pronounced Warburg impedance effects and stronger diffusion control in the low-frequency regions, which cannot be captured by the analytical model. 
Detecting bulk protein concentrations
The conductivity of water changes as a function of the concentration of BSA [47] . Water-based droplets (≈ 5 µl) with different concentrations of BSA were dispensed on the transducer surface. Before every new sample the transducer surface was washed with a deionized distilled water solution containing 0.05%
Tween-20. The tested transducer was similar to the one illustrated in Figure 5 , composed of two electrodes each with a width of 490 µm and separated by a gap of 20 µm. The length of the electrodes was 1 mm. 
Optimizing electrode geometry for conductivity detection
Optimization of of conductivity cells for sensitive detection of the solution resistance has been discussed by [30, 31, 29, 32] , using conformal mappings to determine the cell constant of coplanar electrode structures, yet with less attention to multiple layers and different material properties.
For an ideal conductivity cell the width of the constant-impedance plateau is maximized. The analytical model discussed in [38] can predict the behavior of a conductivity cell and can be used to optimize for a maximum plateau width. The structure of the cell is assumed as shown in Figure 7 . The material properties are given in Table 1 . The goal is to explore the possible combinations of electrode width w, gap distance g, and number of electrode fingers N , as well as determine the frequency response for each combination. To reduce the optimization parameters, the metalization ratio is introduced, given by η = w/(w + g). The number of electrode fingers is restricted to only even numbers. For each combination of η and N , the frequency response can be determined along with the upper and lower bounds of the constant-impedance plateau, denoted as f lo and f hi respectively. Due to the logarithmic scale of the frequency response, the optimization aims to maximize ∆f = log 10 (f hi ) − log 10 (f lo ). The sensitivity of interdigitated electrode structures to bulk effects, such as the solution conductivity, reduces with increased electrode fingers. Additionally, the allowable transducer footprint limits the possible design variations of electrode finger width and inter-electrode gap.
It should be noted that because the electric double layer is very thin and has a high permittivity compared to the remaining layers, it could have been ignored here, without affecting the results. However, for thin film passivation materials with higher permittivities and possible thinner dimensions, such as silicon dioxide (SiO 2 , ε r ≈ 3.7) or tantalum pentoxide (Ta 2 O 5 , ε r ≈ 20 − 25), the effect of the electric double layer can be important.
Conclusion
This work presented the characterization of two-and multi-electrode transducers for possible applications of impedance spectroscopy in microfluidic systems. Depending on the application, the design of the transducer can be augmented for bulk or surface detection in liquid-solid systems. Presented applications included the monitoring of hydrated protein films on insulated interdigitated electrode structures, and conductivity detection of electrolyte and protein solutions on two-electrode structures. The use of passivation layers prevented electrode degradation and thus promotes repeatable measurement conditions. Due to simple fabrication techniques and the use of materials that can typically be found in DMF, the transducers are expected to be particular compatible with DMF lab-on-a-chip devices and hence suitable for in-line contactless bioelectrochemical detection. Results from simple analytical models correlated well with the measured impedimetric frequency response of the test devices. The theoretical results were used in predicting and investigating the measured response, and optimizing the transducer design for more sensitive conductivity detection. The analytical models can be used to inform the design of interdigitated electrode structures for specific applications in microfluidic research. It was shown that for bulk conductivity detection, the sensitivity is highest for two-electrode configurations with a metalization ratio of 0.55, and that increasing the number of electrode fingers can significantly reduce sensitivity. For surface detection it remains that multi-electrode structures are superior over two-electrode structures.
A The Debye length
The Debye length κ −1 is given by [48, 49] κ −1 = ε r ε 0 k B T 2 × 10 3 n j z 2 j e 2
In Equation (4), ε r is the relative permittivity of the liquid, ε 0 is the permittivity of vacuum, k B is the Boltzmann constant, T is the absolute temperature, z j is the magnitude of charge on the ions, and e is the elementary charge. The number concentration n j is related to the molar concentration by n j = c j N A , where N A is Avogadro's constant. Since κ −1 is typically given in (cm), Equation (4) includes a factor of 
B Conductivities of KCl solutions
For a binary and symmetric (1:1) electrolyte solution the solution conductivity can be determined according to [50, 51] σ = Λc k
where Λ denotes the molar conductivity for a symmetric (binary) electrolyte solution. For low electrolyte concentrations (≤ 10 −3 mol·L −1 = 1.0 mM), the molar conductivity is approximated by the Debye-Hückel-Onsager equation [52] ,
where the constant K Λ as well as Λ 0 are dependent on the thermodynamic state of the electrolyte solution [53] . The parameter Λ 0 is the ideal molar conductivity at infinite dilution. [54] 
